INTRODUCTION
The DOPLOC (DOppler Phase LOCk) dark satellite tracking system is a radio reflection Doppler system deriving its name from the Doppler frequency phaselocked tracking filter technique used. Dark, i.e. non-radiating, satellites are illuminated by a ground-based transmitter and signals reflected from illuminated satellites are received at one or more ground-based receiving sites.
The frequency of the transmitted signal is compared with the frequency of the signal received via reflection from the satellite and the difference, or Doppler frequency, constitutes the basic data from which orbital parameters are determined. A method has been developed for the determination of a complete set of orbital parameters from Doppler data recorded in the course of a single pass of a satellite. The ability of the DOPLOC system to provide complete orbital parameters, using only a few minutes of Doppler observations obtained from a dark satellite during the course of a single pass, provides a solution to a number of difficult and important space vehicle tracking problems. For example, it is desirable to know the orbital parameters as quickly as possible after launching a satellite. The orbital parameters of a newly launched satellite can be computed from DOPLOC data within minutes after the beginning of its free flight. Again, after attempting to deflect or steer a satellite into a different orbit, it is desirable to know the new orbital parameters within minutes after giving the steering command. It is also desirable to keep track of satellites after their transmitters have ceased operating or in cases where the transmitting frequencies are not suitable for tracking or are unknown.
Considerable impetus was given to the development of reflection Doppler techniques and instrumentation when, under a directive issued by the Advanced
Research Projects Agency (ARPA) in June 1958, a DOPLOC system was installed as part of a national passive satellite detection fence across the southern portion of the United States. This directive placed the responsibility on the Ballistic Research Laboratories to develop a long range passive Doppler tracking system, to construct, instrument and supervise the operation of tracking stations, to analyze received signals, and to produce orbital parameters of non-radiating satellites passing over a specified area of the continental United States. In response to the ARPA directive, the DOPLOC dark satellite tracking system was developed.
A three-station interim DOPLOC complex was installed in the center portion of the Satellite Detection Fence consisting of an illuminator transmitter at Fort Sill, Oklahoma, and receiving stations at Forrest City, Arkansas and White Sands Missile Range, New Mexico (Fig. l) . Although this complex ceased operation in June 196l, the equipment, Doppler tracking techniques, output data and results described in this paper are illustrative of the basic DOPLOC system.
DOPLOC SYSTEM DESCRIPTION Transmitting Station
A 50 kw, IO8 mc, continuous wave illuminator transmitter was used at the Fort Sill site, which was midway between the two receiving sites it served.
Three transmitting antennas were provided, each with a fan beam shaped radiation pattern 8 by 76 and 16 db gain (Fig. 2) . The fan beam pattern of the center antenna was vertically directed with its broad dimension oriented eastwest. The beams of the other two antennas were directed 20 above the northern " and southern horizon, respectively, with their broad pattern dimension horizontal. The transmitter could be-quickly switched to any one of the threeantennas.
Receiving Stations
Three antennas, each with a fan beam pattern 8 x 76 , were used at each receiving station. These antennas were oriented for maximum beam pattern volume overlap with the transmitting antennas. The central axes of the receiving and transmitting antennas intersected at about 900 miles range. In this manner, the antennas were oriented to detect the approach of a satellite as it came over the horizon, Intercept it again overhead, and again as it receded toward the horizon (Fig. 3) . The successive passage of a satellite through the three antenna beams provided three segments of the Doppler "S" curve as shown in 
Automatic Search and Lock-On
One of the most significant developments of the DOPLOC system was a signal search and lock-on device which automatically placed the tracking filter on any signal occurring within the search frequency range of the equipment.
The signals received via reflection from a satellite were very weak, ranging from 10 to 10" y watts, which put them as much as 50 db (1000 times in power) below the noise at the receiver output. The receiver had a bandwidth of l6 kc to accommodate the range of Doppler frequencies which extended from in the center beam. Thus, short duration, weak, noisy signals made it necessary to use a very sensitive, fast search, automatic lock-on (ALO) system.
The ALO system developed used a comb filter frequency search unit. To meet the requirements of minimum search time, ten filters of 10 cps bandwidth were placed in the desired audio frequency band and the signal was fed to all of the filters. The ten filters were spaced 100 cps apart to cover a 1 kc band.
These ten filters were switched twelve times to cover the full 12 kc band.
The rate of switching determined the time available to find a signal as well as the total sweep time. Three switching rates were used, 2.5, 5 a*"! 10 cps.
When the 10 cps rate was used, the time for each 1 kc band was 0.1 second and The signal-to-noise power improvement furnished by the tracking filter is equal to the ratio of the input source noise bandwidth to the filter bandwidth. The internal noise generated by the filter is negligible at all bandwidths. The relation between input and output signal-to-noise is shown in An integration time or counting interval of one second was used for these measurements. As a typical example, a signal 2k db down in the noise can be read to an accuracy of 0.08 cps when a 10 cps filter bandwidth is used.
Since the key to successful determination of orbits from a minimum number of observations lies in obtaining data with small values of random and systematic error, the high quality data output of the DOPLOG receiving system and tracking filter has been an important feature.
Data Handling
The basic Doppler information, available at the output of the tracking filter, was a constant amplitude, varying frequency sine wave. Recording was accomplished in both analog and digital form, utilizing magnetic tape recorders, strip-chart recorders, digital printers and teletype tape punches. To permit rapid data handling and real time transmission to the computer, it was necessary to digitize and encode the Doppler data at the receiving stations.
The digitized Doppler data were transmitted via teletype to the Ballistic
Research Laboratories where the received data, recorded on punched paper tape, were in binary format suitable for feeding directly into the BRL ORDVAC computer used for the calculation of orbital parameters.
Magnetic tape recordings were also made of the raw, unfiltered data at the output of the receiver, which served as back-up data should a failure occur in the tracking filter-digitizing system during a satellite pass. This is a unique advantage of the audio frequency tracking filter used in the DÖPLOC system in contrast to systems that use phase-locked filters in the radio fre- 
